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Remarks 

I. S tatus of Application 

Claimsl-26, 28-53, 89-98, 101, 103-106, and 123-148 are pending and at i$sue in the 
present application, claim 99 and previously withdrawn claims 54-88 and 107-122 having 
been canceled by this amendment pending die filing of one or more divisional applications 
directed thereto, and new claims 123-148 having been added by this amendment. 

IL Summary of Pending Objections and Rejections 

Claims 1-26, 28-53, 89-98, 101, and 103-106 stand rejected under 35 U.S.C. § 112 
paragraph 1, as foiling to comply wth the written description requirement for the use of the 
word "solely" in the claims. Further, claims 1-26, 28-53, 89-989, 101. and 103-106 stand 
rejected under 35 U.S.C. § 1 12 paragraph 2 as being indefinite for using the term "sufficient" 
in the claims. In addition, claims 1-26, 28-53, 89-98, 101, and 103-106 stand rejected as 
obvious over Carson et al. U.S. Patent No. 6,923,817 (hereinafter, "Carson") in combination 
with DiGioia (non patent literature) and further in combination with one of Dance et al. U.S, 
Patent No. 5,611,353 (hereinafter "Dance") and Gustilo et al. U.S. Patent No. 6,162,257 
(hereinafter "Gustilo"), Furthermore, claims 1-26, 28-53, 89-98, 101, and 103-106 stand 
provisionally rejected for obviousness-type double patenting over claims 24-26 of copending 
Application No. 10/732,553 and over claims 21-35 of copending Application No. 11/148,520. 

HI. Explanation of Amendments 

Independent claim 1 has been amended to remove the word "sufficient" so as to 
overcome the indefiniteness rejection and to recite additional clarifying features- 
Support for the additional clarifying features recited in claim 1, 28, and 89 can be 
found at least at paragraphs [0042], [0043], and [0053] of the specification and FIG. 3. 

Support for recitations to new claims 123-148 regarding construction of a three- 
dimensional model may be found at least at paragraphs [0039]-[0051], [0058]-[0059], ^ d 
other portions of the new claims 123-146 may be found in the claims as originally filed 
and/or elsewhere in the specification and drawings as originally filed. 

Support for the exclusionary recitations found in new claims 136 and 148 may be 
found at least at paragraph 0051 of the present specification, which states that "[t]he model 
can also be compared to pre-operative scans of various types. . . ." (Page 15, lines 20-21). 
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An exclusionary claim recitation is adequately supported if the excluded element is positively 
described in the specification as being one possible alternative. See MPEP § 2173.05(i). "If 
alternative elements are positively recited in the specification, they may be explicitly 
excluded in the claims." MPEP § 2173.05 (i) (quoting In re Johnson, 558 F.2d 1008, 1019 
(CCPA 1977)). Therefore, because the specification positively describes comparison of the 
three dimensional model to a scan as one possible - but not required - variation, there is 
adequate support in the specification for the exclusionary recitations of such step in claims 
136 and 148. 

Therefore, no new matter has been added by these amendments. 

IV. Specific Responses to Pending Objections and Traversal* of Pending Rejections 

As an initial matter, the pending stated rejections of claims 27, 100, and 102 under § 
112 1 and 2 should be withdrawn because such claims were previously canceled by 
Amendment D, filed November 9, 2007. Notice of such withdrawal is respectfully requested. 

Applicants also respectfully request that the examiner hold the provisional 
obviousness-type double patenting rejections in abeyance pending the indication of allowable 
subject matter in this or any one of the co-pending applications, at which time such rejections 
can be properly addressed . 

A. The § 112 Rejections should be withdrawn. 

Applicants traverse the rejections of claims 1-26, 28-53, 89-98, 101, and 103 under 35 
U.S. C. § 1 12, paragraph 1 based on the alleged use of the term "solely." Independent claims 
1, 28, and 89 and claims 2-26, 29-53, 89-98, 101, 103-106 dependent thereon, respectively, 
were previously amended to remove the word "solely" in Amendment D. Therefore, this 
rejection is improper and should be withdrawn, notice of which is respectfully requested. 

Applicants traverse the rejections of claims 1-26, 28^53, 89-98, 101, and 103 under 35 
U.S. C. § 1 12, paragraph 2 based on the alleged use of the term "sufficient." As noted above, 
claim 1 and claims 2-26 dependent thereon, have been amended to remove the word 
"sufficient." Further, none of independent claims 28 and 89 and claims 29-53, 89-98, 101, 
and 103-106 dependent thereon, respectively, recites the word "sufficient.' 1 Therefore, these 
rejections should be withdrawn, notice of which is respectfully requested. 



Pago 19 of 24 



PAGE 24/53 * RCVD AT 5/12/2008 3:59:01 PM (Eastern Daylight Time] ' SVR:USPTO-EFXM * DNIS:2738300 ■ CS1D:3122633990 ' DURATION (mm-ss):07-38 



05/12/2008 14:51 FAX 3122633990 



McCracken&Frank 



© 025/053 



Appl. No. 10/655,922 Any. Dockei No. 29997/062 

Amdt. E datod May 1 2. 2008 
Reply xo O.A. of Jan. 24, 2008 

B. The pending §103(a) rejections should be withdrawn because none of the 
applied references discloses or suggests a virtual trial that includes estimating an effect 
of soft tissue on the stability of the joint. 

Applicants traverse the rejections of claim 1-26, 28-53, 89-99, 101, and 103-106 as 
obvious over Carson in view of DiGioia and in further view of either Dance or Gustilo. 

The applied references do not disclose or suggest a method of performing a total 
arthroplasty of a ball and socket joint of a patient using a surgical navigation system, 
including the step performing a virtual trial based on the three dimensional model with 
implant information available in a database, wherein the virtual trial includes the Steps of, 
virtually locating a correct angle and position for resection of the limb, virtually preparing the 
joint to receive an implant component, estimating an effect of soft tissue on stability of the 
joint based on the biomechanical axes and gaps identified in the virtual trial, and virtually 
assessing a proposed range of motion of the joint, as recited in claims 1-26. 

Further, the applied references do not disclose Or suggest a method of performing a 
total arthroplasty of a ball and socket joint of a patient using a surgical navigation system, 
including the step of performing a virtual trial of the joint and virtually preparing the joint to 
receive an implant component that provides optimum post surgery characteristics using the 
three dimensional model and Implant component information stored in a database, wherein 
the virtual trial includes assessing lungth of the limb and range of motion of the joint with a 
proposed implant component in place before significant preparation of the limb has been 
done and estimating an effect of soft tissue on stability of the joint based on the 
biomechanical axes and any identified gaps, as recited in claims 28-53. 

Still further, the applied references do not disclose or suggest a method of performing 
a total arthroplasty of a ball and socket joint of a patient using a surgical navigation system, 
including the steps of conducting a virtual trial of the joint, wherein the virtual trial includes 
estimating an effect of soft tissue on stability of the joint based on the biomechanical axes 
and any identified gaps, as recited in claims 89-98, 101, and 103-106. 

In fact, Carson discloses assessing the stability of the join only after actually 
modifying the bone, such as by making appropriate resections and reaming, and then only by 
actually placing trial prosthetic components in the modified bone, thereby requiring 
significant intrusion into the patient before ever being able to assess the joint stability. 
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Further, although DiGioia discloses a range of motion simulator that calculates 
stability for an implant plan, the DiGioia simulator is only disclosed as taking into 
consideration positions of impingement based only on the geometry of the bone and implant. 
See, DiGioia at page 12. As discussed at length in the article referenced at footnote 20 of 
DiGioia, "Range of Motion After Total Hip Arthroplasty: Experimental Verification of the 
Analytical Simulator," by Nikou et al. (hereinafter, "Nikou) , the "impingement" discussed in 
DiGioia is where the neck of the femoral implant touches the acetabular cup implant or the 
pelvic bone. (A copy of the Nikou publication is submitted herewith and is being cited in an 
accompanying Information Disclosure Statement.) Thus, each of DiGioia and Nikou only 
disclose assessing the effects of the hard surfaces of the bone and the implants in the range of 
motion simulator, and neither reference takes into account the effects of soft tissues. 

The remaining applied referees do not overcome the deficiencies identified herein- 

above. 

For at least these reasons, claims 1-26, 28-53, 89-98, 101, and 103-106 are not 
obvious over the applied references, and the obviousness rejections thereof should be 
withdrawn. 

V. The applied references do not disclose or suggest new claims 123-137. 

The applied references do not disclose or suggest a method of performing a total 
arthroplasty of a ball and socket joint, as recited in claims 123-135, including the step of 
constructing a three-dimensional model of the joint intra-operatively using an analysis 
anatomical landmarks obtained from an intra-operative anatomical survey of the patient using 
the surgical navigation system, wherein the anatomical landmarks are used to calculate at 
least a first plane and a second plane, and wherein the first plane is defined by at least three 
points associated with the bone that defines the socket and the second plane is defined by at 
least two points associated with the limb, and identifying a relationship between the first 

plane and the second plane; 

Further, the applied references do not disclose or suggest a method of performing a 
total arthroplasty of a hip joint, as recited in claims 136-138, includiog the step of 
constructing a three-dimensional model of the hip joint intra-operatively using the surgical 
navigation system based on the patient's anatomical landmarks, wherein the step of 
constructing the three dimensional model includes the steps of determining a frontal pelvic 
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plane of the pelvis, determining a pelvic coordinate system from the pelvic plane, 
determining a hip center, determining an anatomical axis and a femoral sagital plane of the 
femur, and determining a femoral coordinate system from the anatomical axis and the 
femoral sagital plane. 

Further still, in addition to the reasons already discussed herein with respect to claim 
1, the applied references do not disclose or suggest a method of performing a total 
arthroplasty of a ball and socket joint, as recited in dependent claims 139-146, wherein the 
step of constructing the three dimensional model includes the steps of determining a frontal 
pelvic plane of the pelvis, determining a pelvic coordinate system from the pelvic plane, 
determining a hip center, determining an anatomical axis and a femoral sagital plane of the 
femur, and determining a femoral coordinate system from the anatomical axis of the femur 
and the femoral sagital plane, 

VI. The applied references teach away from new claims 136 and 148. 

The applied references teach away from a method of performing a total arthroplasty of 
a ball and socket joint, wherein the three dimensional model recited in either claim 1 or claim 
123 is not compared to a scan, as recited in dependent claims 136 and 148, respectively, 
because the references suggest that there was no reasonable expectation of success for such 
methods. 

Carson both requires the use of images obtained from a scan of the patient in the 
method described therein and also teaches away from using a system that does not use an 
image obtained from a scan. Specifically, Carson states; 

According to the preferred embodiment of systems and processes according to 

the present invention, at lea&t the following steps are involved: 

1. Obtain appropriate images such as fluoroscopy images of appropriate body 

parts such as femur and tibia .... 

4. Navigating and positioning instrumentation ... at least partially using 
images .... 

6, Assessing alignment and stability of the trial components and joint . . , 
using images of the body parts .... 
(Carson, column 3:13-51) 
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)fa addition, Carson suggests that "imageless" systems used previously are not 
adequate for performing a total join arthroplasty because, 

u [n]one of these systems can effectively track femoral and/or tibial trial$ 
during a range of motion and calculate the relative positions of the articular 
surfaces .... Also, none of them currently make suggestions on ligament 
balancing, display ligament balancing techniques, or surgical techniques." 
(Carson, column 4;39~44). 

DiGioia only discloses and suggests a system and method that also relies on using 
images obtained from one or more scans of the patient. 

Thus, Neither Carson nor DiGioia suggests performing a total joint arthroplasty 
without comparing intra-operatively obtained patient survey data to a scanned image of the 
patient. Further, Carson actually states that it was believed that a system that did not utilize 
an image of the patient would not be adequate for performing the total joint arthroplasty 
effectively. Therefore, the teachings of Carson and DiGioia, when combined, teach away 
from the methods recited in claims 136 and 148 because Carson suggests that there would be 
no reasonable expectation of success of such methods. In order to support a prima facie case 
of obviousness, there must have been a reasonable expectation of success. See MPEP § 
2143.02. 

The remaining applied references do not overcome the deficiencies pointed out herein 

with Carson and DiGioia. 

Therefore, in addition to the reasons already provided with regard to independent 
claims 1 and 123, dependent claims 136 and 148 are patentable for these additional reasons. 



Conclusion 

For the foregoing reasons, reconsideration and allowance of the claims at issue are 
respectfully respected. 
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Request for Interview 

The undersigned specifically requests the courtesy of an interview with the examiner 
to discuss the amendments and arguments presented herein prior to the issuance of a next 
Office action. 



Respectfully submitted, 

McCracken & Frank LLP 
311 S. Wacker, Suite 2500 
Chicago, Illinois 60606 
(312) 263-4700 
Customer No: 29471 



May 12, 2008 




Thomas P. Riley 
Registration No. 50,556, 
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Range of Motion After Total Hip Arthroplasty: 
Experimental Verification of the Analytical Simulator 1 " 

D. Jaramaz'' 2 , C. Nikou 2 , D.A. Simon 1 - 2 , A.M. DiGioia III 1 * 2 
branko@cs.cmu.edu, costa+@andrew.crnu.edu, das@ri.cmu.cdu, digioia@cs.cmu.edu 

1 Center for Orthopaedic Research 2 Robotics Institute 

Shadyside Hospital Carnegie Mellon University 

Pittsburgh, PA 1 5232 Pittsburgh, PA 15213 

Abstract Dislocation following total hip replacement surgery represents a sig- 
nificant cause of early failure, incurriDg additional medical costs. The causes of 
dislocation arc multifactorial and are related to surgical approach, 90ft tissue ten- 
sion, prosthetic design, and most important orientation of components. This par 
per describes experimental verification of our analytical approach for predicting 
implant impingement and dislocation. Once fully developed and tested, this ana- 
lytical methodology could be used as a preoperative simulation tool that will 
present surgeons with information about the "safe" range of motion and chance 
of dislocation based on selected component positions, allowing for the surgical 
plan to be optimized based on this criterion. Coupled with a computer-assisted 
clinical system for precise implant positioning, this approach could significantly 
reduce the postoperative risk of dislocation, maximize "s afe" range of motion and 
minimize impingement. 

Keywords: range of motion analysis, total hip replacement, computer simulation, 
experimental validation. 

1 Introduction 

The incidence of implant dislocation following total hip replacement surgery ranges be- 
tween 2 and 6% [3, 14] and represents a significant cause of early implant failure, in- 
curring additional costs to the total surgery expenses. The causes of dislocation after 
total hip arthroplasty (THA) are related to factors such as: surgical approach, soft tissue 
tension, prosthetic design, and most importantly, orientation of components. 

We have developed a preoperative analytical simulator that takes into account implant 
design, placement and orientation, and predicts the range of motion (ROM) and im- 
pingement limits. The simulator will enable jrurgeons to preoperarivefy optimize the 
choice of implant-related parameters in order to reduce Hie probability of implant im- 
pingement and dislocation. Coupled with CT-based three-dimensional preoperative 
planning and computer-guided positioning of implant components [4], this methodolo- 
gy has the potential of precise implementation, ensuring optimal outcomes with respect 
to risk of dislocation. 



* This work was supported in pare by a National Challenge grant from toe National Science Foun- 
dation (award IRI-9422734) and by tho Sbadysidc H capita) Cmnpctitivo Research Fund, 
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Based on the analytical methodology used for preoperative ROM simulation, and using 
an optical tracking system to record the position of components, we have developed an 
experimental procedure to verify the analytical results. The main goal of the experiment 
was to validate the analytical methodology, and hence enable clinical implementation 
of the ROM simulator. The simulator could then be used both preoperative^, as apart 
of the preoperative surgical planning procedure and intraoperatively, to measure the 
range of motion. 

2 Background 

The most common cause of dislocation after THA is implant impingement caused by 
malposition of components [14]* A number of researchers and clinicians have examined 
this phenomenon, in an effort to explain mechanisms of dislocation. Amstutz and 
Markolf [2] described three modes of dislocation. In the first mode, due to poor tissue 
tension, the prosthetic head climbs the socket wall and slips over the rim of the socket, 
without the neck impinging on the rim of the socket. In the second mode, the neck im- 
pinges on the socket wall at extremes of flexion, extension and abduction and levers the 
head from the socket The third mode of dislocation is impingement of the neck on a 
bony prominence, which occurs most often hi hyperextonsion. 

Some researchers have tried to identify the range of cup orientations that are less prone 
to dislocations, based on the geometric similarity of human anatomies. Commonly ac- 
cepted "safe" orientation of the cup is approximately 15° of anteversion and 45° of ab- 
duction (although it is dependent on tie surgical approach). Lewinuek et aL [1 1] 
demonstrated that the cases falling in the zane of 15±10 degrees of anteversion and 
40±1 0 degrees of abduction have an instability rate of 1.5%, compared with a 6% insta- 
bility rate for the cases falling outside this zone. The study took note of the surgical ap- 
proach taken in each case. No attention was paid, however, to the cup design, head-to- 
neck ratio of the femoral component and femoral component orientation. It is also im- 
portant to realize that, because of variations in individual anatomies, there cannot be a 
single optimal orientation of hip replacement components. 

The pelvis can assume different positions and orientations depending or whether an in- 
dividual is lying supine (as during a CT-scan or routine X-ray$), in the lateral decubitis 
position (as during surgery) or in critical positions during activities of normal daily liv- 
ing (like bending over to tie shoes or during normal gait). Definition of a "neutral* 1 rel- 
ative position of the pelvis and leg will significantly influence the measured amount of 
motion permitted before impingement and dislocation occurs. Therefore, it is necessary 
to uniquely define both the neutral orientation of the femur relative to the pelvis for all 
relevant positions and activities, and tho relations between the femur with respect to the 
pelvis of the patient during each segment of leg motion. In current practice, researchers 
and clinicians measure and record relative joint motion of the hip joint using physiolog- 
ical terms to describe position of the leg in relation to somewhat loosely defined global 
and local body coordinate systems [5,6). Less often, the range of motion measurements 
are performed in the context of selected daily living activities, such as tying shoes with 
one foot on the floor, climbing stairs, etc. [8J. 



PAGE 32/53 ' RCVD AT 5/12/2008 3:59:01 PM [Eastern Daylight Time] * SVR: USPT0-EFXRF-6/5 ' DNIS:2738300 * CSID:31 22633990 * DURATION (mtn-ss): 07-38 



05/12/2008 14:52 FAX 3122633990 



McCracken&Frank 



©033/053 



According to McCollum et al. [14], a comptirison of THAs as reported in orthopaedic 
literature reveals a much higher incidence of dislocation in patients who had THAs with 
a posterolateral approach. They showed that when the patient is placed in the lateral po- 
sition for a posterolateral THA approach, the lumbar lordotic curve is flattened and the 
pelvis may be flexed as much as 35*. If the cup was oriented at IS 0 - 20° of flexion with 
respect to the longitudinal axis of the body, when the patient stood up and the postop- 
erative lumbar lordosis was regained, the cup was retroverted as much as 10°-15°. 

Although the mechanism of implant impingement is well understood, the attempts to 
model the phenomenon are limited mainly to experimental procedures, in which a phys- 
ical model is created to simulate the range of motion of the femur with respect to the 
pelvis. Most investigators [1,14] realized that the head-to-neck ratio of the femoral 
component is the key factor of the implant impingement. However, few have attempted 
to quantify the relationship between the implant design and orientation and the inci- 
dence of dislocation. Some experimental studies examined how specific implant design 
influences the prosthetic range of motion. Amstutz et al, [1] examined experimentally 
the influence of different prosthetic designs and the influence of prosthetic orientation. 
Krusbell et al. [9] used a similar setup to experimentaDy confirm the effects of the head- 
neck ratio to liveliness of impingement and warned of the negative impact that certain 
long and extra long neck designs of modular implants can have on the range of motion. 

Several researchers have examined the effeci of acetabular cup design. Krushell et aL 
[10] evaluated the ROM of two types of elevaled-rim liners compared with standard lin- 
ers. They concluded that an optimally oriented elevated-rim liner may improve the joint 
stability with respect to implant impingement Cobb et al. [3] have demonstrated statis- 
tically significant reduction of dislocations in the case of elevated-rim liners, compared 
to standard liners. The two-year probability of dislocation was 2.19% for the elevated 
liner, compared with 3.85% for standard liner. They raised the concern, however, of 
possible long-term effects of the elevated liner od wear and loosening. Initial results of 
a finite element study by Maxian et al. [12] indicate that the contact stressor and there- 
fore the polyethylene wear are not significantly increased in the extended Up case. 

Analytical modeling of range of motion has only recently become a subject of interest 
for researchers. Maxian et al. [13] have looked at the dislocation propensity for different 
liner designs. They used three-dimensional finite element models to evaluate points of 
impingement and subsequent angles of dislocation for different liner designs. They did 
not, however, consider dislocation in the context of range of morion. Jaramaz et al [7] 
developed an analytical model for calculating range of morion for a given size and ori- 
entation of implant components. The model can successfully simulate the prosthetic im- 
pingement as a limiting point for any combination of physiological leg motion. In the 
current stage, the simulation is limited to a case when both the cup liner and the neck of 
the femoral implant are axi symmetric. In this work we present the experimental verifi- 
cation of that simulation model. 
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3 Methodology 

3.1 Analytical modeling 

The parameters necessary to evaluate the prosthetic range of motion (PROM) limited 
by the neck-liner impingement are the head-neck ratio of the implant, the position of the 
acetabular cup and the relative position of the femoral implant with respect to the cup. 
The center of rotation of the hip joint coincides with the center of the head of the fem- 
oral implant. The angle 8 between the axis of symmetry Z of the acetabular cup and the 
line of impingement OB defines the allowable angle of motion (Fig. 1). The limits of 
impingement create a cone within which the axis of the femoral neck (lino OA) can 
move without impingement The position of the neck axis with respect to the cone can 
be evaluated by observing its intersection wilh the plane P (Fig. 1 ) 7 placed at an arbitrary 
distance normal to the Z axis; the cross section of the cone defines the impingement cir- 
cle (if both the liner and the neck are axisymmetric), and the path of the axis of the fem- 
oral neck defines a curve in that plane. An example movement is shown in Fig. 1 in 
which the axis of the femoral neck begins at point A and moves to point B along the 
path AB. The motion of the femoral neck can be derived from (and expressed as a func- 
tion of) the physiological movement of the leg, described in tenns of combined flexion, 
extension, abduction, adduction, and external and internal rotation. Evaluating the im- 
pingement in the plane as a function of leg movement reduces the analysis of the prob- 
lem to a 2D space, greatly simplifying it, and allows for creation of a user-friendly 
computer interfrce. With this interface, the effects of implant design, or reorientation of 
components can be immediately visualized and parameters can be modified interactive- 
ly until the optimal selection, position and orientation of components is found. 

Fig. 2 shows an example of ROM simulation for two different cup orientations and for 
two identical sets of ROM exercises: (I) 90° flexion + 15* adduction + rnaximum inter- 
nal rotation and (H) 10° extension + maximum externa] rotation. As a result of reorient- 
ing the cup from 45 9 abduction + 15° flexion (Fig. 2a) to 50° abduction + 5 6 flexion 
(Fig. 2b), maximum internal rotation is reduced from 15.7° to 4.3 Q in the first exercise 
and maximum external rotation is increased from 45.8° to 55.8° in the second one. 

3.2 Experimental verification 

Experimental validation is a necessary step in order to make clinical use of the de- 
scribed analytical PROM simulation model. Although an existing body of experimental 




Figure 1. Implant components and the impingement limits 
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research work on implant impingement and dislocation exists [l p 9, 1 0, ] 1], none of the 
available data can be used to fully verify our simulator, since no references aie given 
about the neck size and the orientation of this femoral neck axis for any of the experi- 
ments. In this experiment we kept track of all the relevant data and compared the input 
and outputdata of the experiment with those coming from the analytical simulator. The 
experiment was performed using sawbones with the implanted total hip component?. 
The position and orientation of all the components were measured and monitored using 
the Optotrak™ optical tracking system (Northern Digital, Inc.). The goal was to track 
the position of both the pelvis and the femur using rigidly attached optical targets during 
the range-of-motion exercises. Using measured orientations of the cup liner and the 
femoral neck axis with respect to the coordinate systems of the pelvis and the femur, 
the orientation of the neck axis with respect to the liner axis could be calculated at every 
instance of motion, and the results of the experiment could be visualized in the same 
way that is used for the analytical simulation. 

3.2.1 Registration 

For the registration stage of the PROM experiment, software was written and used to 
establish frames of reference for the pelvis, the femur, the acetabular cup implant, and 
the femoral implant, as well as for verification of these established frames. The regis- 
tration process is described as a series of steps (Fig. 3). Before any of these $teps are 
taken, however, the acetabular implant and the femoral implant (with a detachable 
head) must be firmly and properly affixed to ihe pelvis and femur, respectively: 

1. Pointer Calibration - A pointer attached to an Optotrak™ LED tracker is calibrated. 
This process establishes a transformation between the origin of the LED tracker's coor- 
dinate system and the tip of the pointer. Calibration is performed by pivoting the pointer 
tip about a fixed point The pivot point may either be fixed relative to the camera, or 
relative to a second LED tracker. After calibration, the pointer can be ueed to determine 
the location of various 3D points in order to establish pelvis and femoral frames of ref- 
erence (FOR), as explained below. 



Cup orientation: 43" nbdbCdOfl + 15° flexJnn 



(2up oHoptaUnn: 30° abduction + 5* fhfldon 




Figure 2. Example of simulator output far two cup orientations 
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2. Pelvic Registration (Fig. 3a) - an LED tracker is attached to the pelvis and used to 
establish a pelvic FOR- We assume that the pelvic coordinate system has one (x) coor- 
dinate axis going through the centers of the acetabula and the other two in the perpen- 
dicular plane Pj which is also the syrnmetry plane of the pelvis. We define a plane P 2 
so that it touches the pubic tubercle and the anterior superior iliac spine. The second (y) 
coordinate axis is then defined as the inters e<xtion of the plane P j with the plane parallel 
to P 2 that contains the first coordinate axis; the third (z) coordinate axis is perpendicular 
to the first two. We place the pelvis on the Pelvic Calibration Plate in order to establish 
the coordinate system of the pelvis. The Pelvic Calibration Plate is an abminum plate 
with two coordinate axes etched on its surface. The pelvis is placed on the plate at the 
position that corresponds to the definition of the plane P 2 . Using the pointer, we collect 
points on the plate that correspond to the pelvic origin, X-axis, and Y-axis relative to 
the tracker attached to the pelvis. With these points, we can establish a homogenous 
transformation p 8 " 0 ^^ which describes tbe pelvic frame relative to the LED tracker 
on the pelvis, as well as its inverse ^Tpdopro- 

3. Cup Adapter Calibration - We collect two more points, this time relative to a LED 
tracker attached to the Cup Adapter, The Cup Adapter is designed such that these two 
points establish the cup axis vector when the Cup Adapter is properly placed in the ac- 
etabular cup implant One of these points is placed so that when the Cup Adapter is seat- 
ed in the cup, it indicates the centrozd of the cup. 

4. Cup Axis Registration (Fig. 3b) - With rhe positions of two Cup Adapter points 
known in the Cup Adapter tracker space, we can use the previously collected informa- 
tion C^Tp^pto and the Optotrak™-derived im ^T mpt ^pi Br ) to determine the cup axis 
vector in pelvic space. This vector can be used to establish a set of rotations (abduction, 
then flexion) that describe the cup implant's placement in the pelvis. Also collected is 
the center of pelvic rotation relative to the Pelvic tracker FOR (P^^P^). 

5. Femoral Registration (Fig. 3c) - Just like Pelvic Registration, a calibration plate is 
used to establish a femoral FOR relative to another LED tracker mounted to the femur. 
The femur is placed on the calibration plate so that the projections of both the center of 
the femoral head and the center of the femoral condyles fall in one of the coordinate 
axes on the plate. The homogenous transformations fcmDpm T ftrtjUr and fenmi Tfi Sin gp l0 can 
then be established. 

6. Neck Adapter Calibration - The pointer in then used to collect points on the Neck 
Adapter, which is mounted to a separate LED tracker. When placed on the femoral im- 
plant's neck, these points define the neck axis vector relative to the femoral tracker. 

7. Neck Axis Registration (Fig. 3d) - After the points on the Neck Adapter are calibrat- 
ed, we place the neck adapter on the neck of the femoral implant Since we know the 
neck axis vector position relative to the Neck Adapter tracker, and via Optotrak™ the 
position of the Neck Adapter relative to the Femoral tracker is also known, we can reg- 
ister the neck axis vector relative to the Femoral tracker (and by ^'"Tfemopio > relative 
to the Femoral FOR). This vector can be used to determine the placement (in terms of 
abduction, then antevexsion) of the femoral unplant relative to the femoral coordinate 
frame. 
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8. Ball Target Calibration - The Ball Target .adapter, again attached to an LED tracker, 
can be calibrated so that it indicates, when placed on a sphere, the center of that sphere. 
This calibration gives the center of the sphere relative to the tracker attached to the Ball 
Target Adapter. 

9. Registration of the Center of Femoral Rotation - The Ball Target Adapter is then 
placed on the head of the implant. We acquire the position of the head's center of rota- 
tion relative to both the Ball Target Adapter and, ultimately, to the Femoral tracker 

10. Verification of the Center of Rotation - Because we know fcmD P t0 P cfr - the center of 
femoral rotation in the Femoral tracker's frame - using Optotrak™ and the previously 
collected information, we can determine the centroid of the femoral head(CFR) relative 
to the Pelvic tracker ^P^). When the head of the femoral implant is placed in the 
cup liner, the centroids of the cup (CPR) and the head (CFR) should coincide. This is 
verified by: ^ ,0 P to T fcmopto * *™P*p^ = poloptfl Pc& When perfectly calibrated and execut- 
ed, the distance from * ck, P |a P Bpr to P^^p^ should be zero. 

3.2.2 Experiment 

The final step of the experiment is shown in Fig. 3e. The pelvis, with its LED tracker 
still attached, was mounted in position above the laboratory table. The femur, also with 
a tracker, was held in location to the pelvis widi elastic bands to give freedom of rotation 

a) Pelvic registration b) ^ registration 





c) Femoral registration 



d) Neck axis registration 






e) Range of motion experiment 




Figure 3, Five steps of the experiment 
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but to keep the femoral implant from dislocating prematurely (before an impingement). 
The software used both the fixed, stored iraas formations that were determined during 
registration and the transformation (namely ^"Tfcmopto) that was constantly updated 
via Optotrak** Tliese transformations determined both a proper neutral position (when 
the femoral and pelvic coordinate orientations were aligned) and the current point on 
me impingement graph (by determining the neck axis vector in the cup's coordinate sys- 
tem). The software will plot, when specified by a foot pedal press, points on the im- 
pingement graph similar to that created by tlie analytical simulator (Fig. 5). 

4 Results 

Hie implant components used in the experiment were the HOP II acetabular cup and 
the Centralign femoral stem with a 28 mm head and short neck length (both manufac- 
tured by Zimmer, Inc.). The cup liner and die femoral implant neck are both antisym- 
metric. The components were cemented in the bone phantoms; the femoral component 
was placed so tb at the center of the femoral head remains close to the original bead cen- 
ter of the uncut femur, and the acetabular component is placed so that the outer face is 
flush with the acetabular rim.The orientation of the components with respect to bone 
coordinate systems, as described in the previous section, were: 

* Neck: 41.2 degrees of abduction and 17.6 degrees of anteversion, and 

• Cup: 50.4 degrees of abduction followed by 2.6 degrees of flexion. 

The error in center of rotation (the distance between the measured centers of the femoral 
head and the center of the liner) during the experiment was 0.87 mm. Center of rotation 
errors for previous calibration runs ranged from 0.18mm to 2mm. 




Figure 4. Experimental setup 
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a) Maximum flexion 



b) 90° flexion + 10° adduction 
+ max. internal rotation 



c) 90° flexion* max. 
internal rotation 



QXpi 




-0.246- 



d) Maximum extension 



e) 1 0* extension + max. 
external rotation 




5 - difference between 
experimental and sim- 
ulated central angle at 
impingement 



bone 

impingement 



Figure 5. Analytical and experimental results of range of motion tests 



The pelvis was firmly attached to an aluminum post, allowing full motion of the femur, 
and reorientation to make all the targets visible for every exercise (Fig. 4), Five range 
of motion exercises were performed. The motion sets were: 

• Maximum, flexion in neutral abduction/a demction (Fig. 5 a) - The femur is flexed 
until impingement occurs. 

■ Maximum internal rotation after 90 degrees of flexion and 10 degrees adduction 



■ Maximum internal rotation after 90 degrees flexion in neutral abduction/adduc- 
tion (Fig. 5c) 

■ Maximum extension (Fig. Sd) - The femur is extended until impingement occurs. 
* Maximum external rotation after 10 degrees of extension (Fig. 5e). 

All trajectories started from near neutral position (within an error of ±2 degrees) and 
followed the movement set until impingement - either implant or bone - was observed. 
The only motion for which bony impingement was observed was external rotation after 
10 degrees of extension. The difference angle 6, between the central angle of the ex- 
perimentally detected impingement and the central angle of impingement predicted by 
the simulation, varied from 0.006° to 2.48°. The large value of 6 during the maximum 
flexion exercise is not the result of a calculation error but rather the consequence of a 
difficulty in experimental detection of the impingement point. 
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5 Discussion 

We compared analytical simulation of ROM until impingement with those measured in 
the experimental setup. Experimentally dete<;ted values of impingement show that the 
simulated values are Correctly calculated in all cases except one, in which bony im- 
pingement occurred prior to implant impingement. Femoral motion was generated man- 
ually without the use of special guides. Motions were performed by first visually 
assessing the direction of motion relative to the pelvis, and then rehearsing the key po- 
sitions. Attempt was made to mimic the exact motions specified by the simulator. The 
recorded motion paths closely approximate the simulated values. 

Proposed research addresses the clinically relevant issue of implant dislocation follow- 
ing total hip replacement (THR). The ROM simulator can predict implant impingement 
and dislocation on a patient-specific basis, frised on a patient's CT-scan data, and the 
selected design and orientation of the implant The results predicted by the simulator 
were verified experimentally. This work is a Htep toward future clinical use of this ana- 
lytical simulation coupled with the clinical navigational system for hip implant posi- 
tioning (HipNav), By coupling realistic biomechanical and kinematic preoperative 
planning with the precise execution we expeel to take full advantage of this image-guid- 
ed system. 
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